AccD6 is an important component of acetyl-CoA/propionyl-CoA carboxylase, which acts as a key role in mycolic acid synthesis and short chain fatty acyl-coenzyme A metabolism. In this study, we demonstrated that AccD6 of Mycobacterium smegmatis associates with AccA3 (α subunit of acetyl-CoA carboxylase, MSMEG 1807) and AccE (ε subunit, MSMEG 1812) to form the acetyl-CoA (propionyl-CoA) carboxylase. Results showed that the MSMEG 4331 subunit is a regulator that interacts with the promoter region of accD6 to inhibit its transcription. Transcription of accD6 was reduced by 50% in the mutant M. smegmatis strain overexpressing MSMEG 4331. Moreover, the activity of AccD6 was inhibited by acylation (such as acetylation and propionylation). These results demonstrate that AccD6 of M. smegmatis is regulated at both the transcriptional and post-translational levels. Our findings highlight the novel regulatory mechanism underlying mycolic acid biosynthesis in mycobacteria.
INTRODUCTION
Acetyl-CoA and propionyl-CoA are significant intermediates of fatty acid metabolism and lipid biosynthesis and are known to play important roles in the survival and pathogenicity of mycobacteria (Lee et al. 2013: 6788-800; Marrakchi, Laneelle and Daffe 2014: 67-85) . In which Mycobacterium tuberculosis (Mtb) has increasingly gained research attention because of its critical impact on public health (Nambi et al. 2013: 14 114-24; Niu et al. 2011 Niu et al. : 1637 . For Mtb, the cell wall is crucial for its survival in hostile environments. In the components of the cell wall, mycolic acids (MAs) are essential ones for Mtb cell envelope. MAs are longchain (C 60-90 ) β-hydroxy fatty acids containing a short (C 24-26 ) α-alkyl branch and constitute up to 60% of the mycobacterial cell wall (Asselineau and Lederer 1950: 782-3; Brennan and Nikaido 1995: 29-63) . Furthermore, MAs are important in maintaining envelope structure and impermeability, and hence, MAs can determine the natural resistance to most antibiotics and play an important role in mycobacterial virulence. The synthesis of MAs involves two main steps: first, fatty acid synthase I (FAS-I) catalyzes the synthesis of short fatty acid precursor, then the precursor is used by FAS-II to generate long-chain fatty acids. During fatty acid biosynthesis, acetyl-CoA/propionyl-CoA carboxylase (ACC/PCC) catalyzes the production of malonyl-CoA and methylmalonyl-CoA from acetyl-CoA and propionyl-CoA. AccD6 is an important factor of acetyl-CoA carboxylase and provides the building blocks for the synthesis of MAs by FAS-I and FAS-II (DG et al. 2009: 2664-75; Pawelczyk et al. 2017: 42 692) .
Therefore, ACC/PCC plays a vital role in the biosynthesis of MAs so as to influence the survival, infection and virulence capabilities of Mtb. So far, one previous work indicated that accD6 is essential for MA synthesis in M. tuberculosis, but dispensable for Mycobacterium smegmatis (Pawelczyk et al. 2011: 6960-72) . On the contrary, some other work demonstrated that accD6 is essential for mycobacteria (Kurth et al. 2009 (Kurth et al. : 2664 ). Thus, many further studies need to do to explore the function and the regulatory mechanisms on AccD6 and other ACC/PCC. ACC/PCC is a multi-subunit enzyme comprising three α subunits (accA1 to -A3), six β subunits (accD1 to -D6) and one ε subunit (accE5) (Cole et al. 1998: 537-44; Daniel et al. 2007a: 911-7) . The α and β subunits can reassociate in vitro and exhibit low specific activity; subsequent addition of ε subunit was found to stimulate carboxylation (Daniel et al. 2007a: 911-7; Oh et al. 2006: 3899-908) . Previous studies indicated that overexpression of the pccB gene results in increased PCC activity when bacteria are grown in medium containing propionate or acetate (Carter and Alber 2015a: 3048-56) . In addition, propionyl-CoA carboxylase regulator (PCCR) has been reported to regulate the PCC pathway at the transcriptional level (Carter and Alber 2015b: 3048-56) .
Except for the transcriptional regulation, the activities of key enzymes in MA synthesis are also modulated at the posttranslational level (Marrakchi, Laneelle and Daffe 2014: 67-85) . Protein lysine acetylation is an important post-translational modification (PTM) in eukaryotes and prokaryotes that regulates various biological processes. In M. smegmatis, acetyl-CoA synthetase, propionyl-CoA synthetase and fatty acyl-CoA synthetase can be acetylated by acetyltransferase Ms-PatA to regulate acetate and propionate metabolism (Liu, Liu and Ye 2015: JB.00661-15; Xu, Hegde and Blanchard 2011: 5883-92) . In the present work, we additionally investigated whether acylation can influence the activity of ACC/PCC, which in turn facilitates acetate and propionate metabolism, as well as the MAs biosynthesis.
Analysis of AccD6 at both transcriptional and posttranslational levels showed that MSMEG 4331, an adjacent transcriptional regulator, can inhibit accD6 transcription. AccD6 was also found to be regulated by acylation, as evidenced by reduced AccD6 activity after acetylation or propionylation. These results demonstrate a novel regulatory mechanism in fatty acid metabolism at the transcriptional and post-translational levels. Our findings could help us to deeply understand the regulatory mechanism on MAs synthesis. Thermo Scientific pMV261 (Stover et al. 1991: 456-60) 
MATERIALS AND METHODS

Bacterial strains and culture conditions
Mycobacterium smegmatis mc 2 155, Escherichia coli DH5α and E. coli BL21 were used in the present study (Table 1) . Mycobacterium smegmatis mc 2 155 strains were maintained in LB (0.05% Tween 80) at 37
• C with shaking at 200 rpm (Jiang et al. 2011: 156-60) .
Escherichia coli DH5α was used for DNA cloning, and E. coli BL21 was used for heterologous protein production. Both E. coli strains were grown in LB medium at 37
• C with shaking at 200 rpm.
Cloning, overexpression and purification of proteins accD6 and MSMEG 4331 were cloned using Seamless Cloning and Assembly kit (ClonExpress II, vazyme, Nanjing, China), with the primers listed in Table 2 . These two genes were cloned by homologous recombination with pET-28a and digested with two restriction enzymes (EcoRI and HindIII) to generate pET28a-accD6 and pET28a-MSMEG 4331. Next, the plasmids were transferred to E. coli BL21 (DE3) strain to produce proteins. A single colony was picked to 5 mL LB for overnight culture, following inoculate them into 50 mL LB with 1 kanamycin in it for growth at 37
• C, after that, using 0.7 mM isopropyl-β-D-thiogalactoside at 20
• C to induce the protein expression. MSMEG 1807 (α3 subunit) and MSMEG 1812 (ε subunit) were cloned into E. coli BL21 following the same protocol. After incubation, protein purification and electrophoresis analysis were done refer to Liu et al. (2015) . The His tag of AccD6 was removed using thrombin. Protein concentrations were determined using the BCA method (Liu et al. 2015: JB.00661-15) . 
Reconstitution of the carboxylase complex and coupled enzyme assay
The mixture of three subunits (α3, β6 and ε) was incubated on ice for 6 h and then concentrated for carboxylase assay (Daniel et al. 2007a: 911-7) . To monitor the rate of reaction, a coupled enzymatic assay was used to measure acetyl-CoA/propionyl CoA carboxylase activity. The rate of ATP hydrolysis was tested spectrophotometrically using biotin carboxylase (Janiyani et al. 2001: 29 864-70) . ADP production was linked to pyruvate kinase and lactate dehydrogenase production, and NADH oxidation was tested at 340 nm. Data were collected using a microplate reader (Bio-Tek Instruments). Measurements were carried out in 0.2-mL volumes in a 96-well plate. The 200 μL reaction mixture was used to analyze the enzyme activity according to the description of Diacovich and Lin (Diacovich et al. 2002b : 31 228-36, Lin et al. 2006 .
Electrophoretic mobility shift assays
Interactions of recombinant MSMEG 4331 proteins with DNA fragments containing the accD6 promoter regions were investigated using electrophoretic mobility shift assays (EMSA). The accD6 promoter region was amplified by PCR using the primers (5'-AGCCAGTGGCGATAAGACCGAGCGAGCACGATAAACAG-3 and 5'-AGCCAGTGGCGATAAGCTGCGACCAGGCGGCC-3 ). PCR amplicons labeled with a biothinylated primer were purified according to the protocol of Gereray Biotech, Shanghai and then used as EMSA probes. EMSA was performed referring to the protocol of EMSA kit from Beyotime Biotechnology. The mixtures of probes with different moles of MSMEG 4331 incubated at room temperature for 20 min. The resulting nucleoprotein complexes were resolved on 6% polyacrylamide gels in 0.5 × TBE (Trisborate-acetate) buffer at 160 V. Electrophoresis bands were detected using the BeyoECL Plus kit (Liao et al. 2015) .
Quantitative real-time PCR
RNA was extracted from M. smegmatis mc 2 155. DNAse was used to remove contaminating genomic DNA, and then, RNA quality was tested by electrophoresis and spectrophotometrically. Next, the reverse transcription of the RNA was proceeded to generate cDNA according to the protocol of PrimeScript RT Reagent kit (Takara). The 50 ng cDNA was applied to the 20 μL qRT-PCR assay following the protocol of SYBR Premix Ex Taq GC kit (Takara) in the platform of CFX96 Real-Time System (Bio-Rad). The quantitative real-time PCR (qPCR) assay was conducted referring to Ye (2014: 1065-84) . Nonparametric Mann-Whitney method was used for statistic test.
In vitro acetylation and propionylation of AccD6
Acetylation assays were conducted in 100-μL reaction containing buffer B (150 mM NaCl and 50 mM HEPES, pH 7.5), 2 μM AccD6, 50 μM acetyl-CoA and 2.7 μM MsPat with or without 1 mM cAMP. Reaction mixture was incubated at 37
• C for 2 h, whereas the propionylation assays were carried out in 100-μL reactions containing 20 μM propionyl-CoA and 2.7 μM MsPat with or without 1 mM cAMP. After acetylation or propionylation, the acetylated or propionylated AccD6 was extracted using gel filtration and ultrafiltration (removal of micromolecules). The isolated acetylated AccD6 were then used for enzyme assay and western blotting.
Western blotting assays
Samples were prepared by electrophoresis with 10% SDSpolyacrylamide gel, and then transferred to PVDF membrane at 380 mA for 60 min, following the membrane need to be blocked (2 h) with blocking buffer. The diluted anti-acetyl lysine antibody (1:15 000, Burnaby, Canada) and anti-propionyllysine antibody (1:10 000, PTM BIO) were used to detect the acetylation and propionylation. After overnight incubation at 4
• C, the TBST buffer would be used to wash the blot three times each 10 min. Next, the diluted second antibody (1:10,000) with HRP-label was used for detection by enhanced chemiluminescence.
MAs extraction and analysis
MAs were analyzed from the strains with overexpressing MSMEG 4331 and the control of wild-type strain according to the methods described previously (Nguyen, Chinnapapagari and Thompson 2005: 6603-11) . Briefly, 300 μl mixture of methanol/chloroform with 2:1 (v/v) were added into 50 mg strain of wild type M. smegmatis or overexpressing MSMEG 4331 strain for MAs extraction. After 8000g centrifuge, the supernatants were collected for thin-layer chromatography (TLC) analysis. Next, equal samples of WT and overexpressing MSMEG 4331 were loaded into the gel. Following chromatography in chloroform/methanol (9:1, v/v), the MAs in the two samples were revealed by charring at 105
• C for 5 min.
RESULTS
AccD6 acts as an ACCase and PCCase in Mycobacterium smegmatis
Analysis of the Mycobacterium smegmatis genome from KEGG database, in which three genes are identified encoding the ACCase α subunits (accA1 to -3) and six genes encoding the β ubunits (accD1 to -6). As shown in Fig. 1A , AccD6 is located in the FAS-II operon of M. smegmatis. The operon also harbors the malonyl CoA-acyl carrier protein transacylase, acyl carrier protein, 3-oxoacyl-(acyl carrier protein) synthase II and 3-oxoacyl-ACP synthase. Thus, it is reasonable to believe that AccD6 involved in fatty acid synthesis. Kurth et al. showed that, in the ACCase 6 enzyme complex, the AccD6 is a crucial carboxyltransferase component, which take part in the biosynthesis of malonyl-CoA. (DG et al. : 2664 . In order to verify whether the AccD6 can work as ACCase, the enzymatic assay was proceeded. These data show that AccD6 can catalyze the synthesis of malonyl coenzyme A from acetyl-CoA (Fig. 1B) . In addition, we found that AccD6 can also catalyze the carboxylation of propionyl-CoA as well as ACCase. As shown in Fig. 1C , AccD6 is involved in the PCC pathway. PCCase activity was also investigated both in vivo and in vitro. We quantified the accD6 transcript levels in LB medium and in LB medium containing 30 mM propyl alcohol. Results of quantitative RT-PCR analysis showed that accD6 transcript levels were threefold higher in cells grown with 30 mM propyl alcohol conditions (Fig. 1D ). These data demonstrate that accD6 play an essential role in propionate utilization. These data of enzymatic activity indicate that AccD6 can catalyze the synthesis of methylmalonyl coenzyme A from propionyl-CoA (Fig. 1E ) and thus plays a crucial role as a part of the acetylCoA/propionyl-CoA carboxylase by participating in malonylCoA and methylmalonyl-CoA metabolism during fatty acid biosynthesis. 
accD6 is inhibited by regulator MSMEG 4331
Analysis of the structure of FAS-II operon shows that there is a transcriptional regulatory factor located in close proximity to accD6 ( Fig. 2A) . MSMEG 4331 acts as a putative transcriptional regulator and is located near the FAS-II operon at intervals of only one operon. EMSA analysis suggested that MSMEG 4331 can bind to the accD6 promoter region. Moreover, increasing amounts of MSMEG 4331 protein titrated against a fixed amount of P accD6 probe yielded higher amounts of the MSMEG 4331-P accD6 complex (Fig. 2B) ; therefore, accD6 is under the control of MSMEG 4331. In order to investigate whether MSMEG 4331 can influence accD6 transcription, we generated an MSMEG 4331 overexpression strain. And we found that the overexpression of MSMEG 4331 resulted in a 50% decrease of accD6 (Fig. 2C) , thereby further validating that MSMEG 4331 regulates accD6 expression in M. smegmatis.
AccD6 activity is inhibited by acetylation and propionylation
Previous work has exhibited that AccD6 is the primary carboxyltransferase component of the acetyl-CoA carboxylase complex (DG et al. : 2664 . Our current results also confirmed that AccD6 in M. smegmatis can bind to the α and ε subunits and exhibit acetyl-CoA carboxylase and propionyl-CoA carboxylase activities. Considering its important regulatory role in acetate and propionate metabolism, AccD6 is potentially acetylated or propionylated.
To investigate whether AccD6 can be acetylated or propionylated, we generated an AccD6-overexpressing strain. AccD6 purified from M. smegmatis grew in the media with glucose, sodium acetate or sodium propionate as sole carbon in it. Equal amounts of purified AccD6 were used for subsequent western blotting analyses, in which, acetylation and propionylation levels were determined using acetyl-lysine antibody and propionyl-lysine antibody. As shown in Fig. 3A and B, acetylation and propionylation levels were higher in sodium acetate and sodium propionate media compared to those in glucose medium. These results validate that endogenous AccD6 is modified via acetylation and propionylation. We further examined the activity of equal amount of AccD6 after acetylation and propionylation. The Acc activity of acetylated AccD6 was found to decrease by about 35%, and the activity of propionylated AccD6 decreased about 13% (Fig. 3C) . The PCC activity of acetylated AccD6 decreased by about 20%, and the activity of propionylated AccD6 decreased by about 30% (Fig. 3D) . Consequently, the activity of AccD6 is modulated by acylation.
AccD6 regulated by MSMEG 4331 impact the production of MAs
To test whether MSMEG 4331 regulating AccD6 affect the production of MAs. We used TLC to analyze the yield of MAs in the strain with MSMEG 4331 overexpression. Equal amounts of WT and MSMEG 4331 overexpressing strains were used to extract MAs for comparative analysis. Following chromatography and charring at 105
• C, we found the production of MA in the strain overexpressing MSMEG 4331 is lower than the WT strain (Fig. 4) . This results indicate that the regulation on AccD6 by MSMEG 4331 at transcriptional and post-translational level inhibit the biosynthesis of MAs in M. smegmatis.
DISCUSSION
ACC are key enzymes found in most living organisms that produce substrates for fatty acid and lipid biosynthesis by catalyzing acetyl-CoA/propionyl-CoA to produce malonylCoA/methylmalonyl-CoA (Cronan and Waldrop 2002: 407-35) . Mycobacterial ACCs exhibit a broad range of substrate ACC/PCC activity of ACCD6 produced by the ACCD6 overexpression strain cultured in sodium acetate and sodium propionate. ACCD6 activity of proteins produced by the ACCD6 overexpression strain in glucose medium served as control. * * P < 0.005, * * * P < 0.0001.
specificities (acetyl-CoA, propionyl-CoA, butyryl-CoA, etc.) , and are usually referred to as acyl-CoA carboxylases (ACCases; Diacovich et al. 2002a: 31 228-36; Tong 2005 Tong : 1784 . AccD6 is an essential component of ACC and is known to associate with AccA3 and AccE. AccD6 plays a catalytic role in MA biosynthesis through supplying malonyl-CoA to the FAS-II complex (Gago et al. 2011: 475-97) . In this study, accD6 was found to be regulated at the transcriptional level by an adjacent regulator, MSMEG 4331, which binds to the accD6 promoter region. resulted in 50% reduction in accD6 transcription. This is the first study to report the transcriptional regulation of accD6 by MSMEG 4331. As shown in Fig. 1A , the accD6 gene is situated in a cluster with five genes (Fig. 1A ) that together constitute a FAS-II operon. This operon has been proven to be involved in MA biosynthesis (Cole et al. 1998: 537-44) , and AccD6 is a key component of this pathway (Daniel et al. 2007b: 911-7; Kurth et al. 2009 Kurth et al. : 2664 . Therefore, accD6 regulation will influence MA biosynthesis. In addition to transcriptional regulation, various metabolism-related enzymes are regulated by PTM processes such as phosphorylation and acylation (Choudhary et al. 2014: 536-50; Verdin and Ott 2015: 258-64) . The activities of key enzymes involved in MA synthesis are also subject to be regulated at the post-translational level. For example, many previous studies have demonstrated that Ser/Thr and Tyr protein phosphorylation can regulate MA biosynthesis (Bhatt et al. 2007 (Bhatt et al. : 1442 . In addition, phosphorylation of key enzymes in the Mtb FAS-II system, namely, KasA, InhA and MabA, as well as the dehydratases HadAB and HadBC, was found to reduce their enzymatic activities (Corrales et al. 2012: 26 187-99) . Intriguingly, we identified the role of acylation in regulating mycobacterial FAS-II system. AccD6 is recognized as an essential component of the FAS-II system. In addition, our results indicated that acylation of AccD6 can decrease the activities of ACC and PCC (Fig. 3) . Therefore, AccD6 can regulate the biosynthesis of FAS-II at PTM level. In Mtb, PCC not only participates in MA biosynthesis, but also plays key role in the catalysis of propionyl-CoA in the biosynthesis of sulfolipid (SL-1) and phthiocerol dimycocerosates, which in turn contribute to infection and virulence (Wipperman, Sampson and Thomas 2014: 269-93) .
Overexpression of MSMEG 4331 in Mycobacterium smegmatis
In summary, we identified the novel regulatory mechanisms behind AccD6 activity both at the transcriptional and posttranslational levels. Our findings provide valuable insights into the regulatory networks underlying fatty acid biosynthesis and thus contribute to understanding of the regulatory mechanisms in MAs synthesis.
